Abstract Retinoblastoma-related (RBR) genes, a conserved gene family in higher eukaryotes, play important roles in cell differentiation, development, and mammalian cell death; however, little is known of their function in plants. In this study, a RBR gene was isolated from the Chinese wild grape, Vitis pseudoreticulata W. T. Wang clone "Baihe-35-1", and designated as VpRBR. The cDNA sequence of VpRBR was 3,030 bp and contained an open reading frame of 3,024 bp. Conceptual translation of this gene indicated a composition of 1,007 amino acids with a predicted molecular mass of 117.3 kDa. The predicted protein showed a retinoblastoma-associated protein domain A from amino acid residues 416 to 579, and domain B from residues 726 to 855. The result of expression analysis indicated that VpRBR was expressed in tissues, leaves, stem, tendrils, flower, and grape skin at different expression levels. Further quantitative reverse transcription-PCR (qRT-PCR) data indicated that VpRBR levels were higher in Erysiphe necator-treated "Baihe-35-1" and "Baihe-13-1", two resistant clones of Chinese wild V. pseudoreticulata, than in E. necator-treated "Hunan-1", a susceptible clone of V. pseudoreticulata. Furthermore, the expression of VpRBR in response to salicylic acid (SA), methyl jasmonate (MeJA), and ethylene (Eth) in grape leaves was also investigated. Taken together, these data indicate that VpRBR may contribute to some aspect of powdery mildew resistance in grape.
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Introduction
Grapevine is one of the economically most important cultivated plants worldwide. Grapevines are threatened by various biotic (viruses, bacteria, fungi, and insects) and abiotic stresses (drought, winter cold) (Akkurt et al. 2008) . Powdery mildew (PM) caused by Erysiphe necator (Schw.) Burr. is a significant fungal disease of grapevine worldwide, causing yield loss and reduction in berry quality (Fung et al. 2008) . The most widely grown grapevine cultivars are European grapes derived from Vitis vinifera which are highly susceptible to E. necator. Developing grape cultivars with high levels of durable resistance is a key long-term strategy for controlling and managing PM. A number of wild grapevine species carry different valuable genes resistant to PM (Wang et al. 1995) , thus providing a potential source of resistance for grapevine breeding. Of these wild Vitis species, the Chinese wild Vitis pseudoreticulata W. T Wang clone "Baihe-35-1" was shown to possess potentially durable, race non-specific PM resistance (Wang et al. 1995) . Identifying the genes that confer resistance in Chinese wild Vitis species and understanding the genetic molecular basis of the resistance to PM are crucial for generating new, superior grapevine varieties. Molecular resistance mechanisms of PM have been described in grapevine. Fekete et al. (2009) , for example, identified 25 grapevine transcripts which increased in abundance upon infection of leaves in the PM-susceptible host, V. vinifera Cabernet Sauvignon. Riaz et al. (2011) constructed a genetic map utilizing five grape populations segregating for powdery mildew resistance. Their data indicated that PM resistance genes from different backgrounds reside on chromosome 18. Akkurt et al. (2008) obtained two amplification products by SCAR analysis from predominantly resistant individuals, and the presence of these products correlated with disease resistance. Ramming et al. (2011) suggested a single dominant locus, ren4, conferred rapid non-race-specific resistance to grapevine PM, and Ali et al. (2009) proposed that resistance might be associated with metabolites in grapevines. All these studies indicate that genetic resistance naturally exists in grapevine and underscore the inherent complexity of that resistance in grapevine.
In order to resist pathogen infection, plants have developed sophisticated mechanisms in which some disease-resistant genes play important roles and appear to be effective against pathogen attack (Ma et al. 2010; Peng et al. 2011) . A recent study on the stimulation of plant signaling pathways suggested that a thorough understanding of grapevine innate defense mechanisms was a prerequisite to the development of new protection strategies (Henanff et al. 2011) . Although some molecular aspects of the host-pathogen interaction have already been studied in grapevine (Ali et al. 2009; Akkurt et al. 2008; Fekete et al. 2009 ), the resistance mechanism(s) is not yet understood at the molecular level for any of these interactions. Therefore, the use of molecular analytical approaches to improve knowledge about the interaction between wild grapevine species and E. necator is of great importance.
The retinoblastoma protein (RB) is a tumor-suppressor protein that is dysfunctional in many types of cancer (Murphree and Benedict 1984) . They have been shown to function as important regulators of several cellular processes, including differentiation, control of gene expression, and apoptosis (Miskolczi et al. 2007) . In plants, a retinoblastomarelated (RBR) gene was first identified and cloned from maize (Grafi et al. 1996) ; it was later identified from other plants, including tobacco (Nakagami et al. 1999) , rice (Lendvai et al. 1997) , and Arabidopsis thaliana (Kong et al. 2000) . Although RBR genes have been isolated from diverse plant species, their functions in plant disease resistance have not yet been elucidated.
In our previous study using differential display reverse transcript-polymerase chain reaction, we observed an mRNA that was induced in leaves of V. pseudoreticulata W. T. Wang clone "Baihe-35-1" upon infection with E. necator (Wang et al. 2011) . We analyzed the sequence of the cDNA fragment and found that it contains the domain B motif conserved in all RBR genes. Since "Baihe-35-1" has been shown to be highly resistant to powdery mildew, we undertook the present study to gain a better understanding of VpRBR in grapevine and its potential role in PM resistance. We cloned the full-length RBR gene from "Baihe-35-1" using a rapid amplification of cDNA ends (RACE) strategy and further analyzed its expression pattern in response to E. necator, salicylic acid (SA), methyl jasmonate (MeJA), and ethylene (Eth). The aim of this study was to determine whether or not there was a relationship between grapevine resistance and the response of VpRBR to E. necator infection. To our knowledge, this is the first report of an RBR gene potentially related to PM resistance in plants.
Materials and Methods

Plant Material
PM-highly resistant Chinese wild V. pseudoreticulata clones "Baihe-35-1" and "Baihe-13-1", and a PM-susceptible Chinese wild V.pseudoreticulata clone "Hunan-1" (Wang et al. 1995) were maintained in the grape germplasm resources orchard, Northwest A&F University, Yangling Shaanxi, 712100, P. R. China. When shoots of the vines were 30-40 cm in length, the third to sixth fully expanded young grapevine leaves below the apex were selected for treatments. E. necator (also known as Uncinula necator Burr.) was collected from the leaves of a highly PM-susceptible Chinese wild V. adstricta Hance clone "Taishan-2" in the grape germplasm resource orchard, Northwest A&F University, Yangling Shaanxi, 712100, P. R. China.
E. necator Inoculation and SA, Eth, and MeJA Treatments
Inoculation of E. necator on grapevine leaves was conducted according to the protocol previously described by Wang et al. (1995) and was repeated three times on three independent plants for each clone. Leaves sprayed with sterile water were used as negative controls. At each inoculation period, leaves were sampled after 0, 4, 8, 12, 24, 48, 72 and 120 h of inoculation, immediately frozen in liquid nitrogen, and stored at −80°C for further study.
For signaling molecule treatments, 100 μM SA, 50 μM Eth, and 0.5 g/L MeJA were sprayed on the selected grapevine leaves according to the method described (Li et al. 2010) , and was repeated three times on three independent plants for each species. Leaves sprayed with sterile water were used as negative controls. After 0, 0.5, 1, 3, 6, 12, 24 and 48 h of inoculation, the treated grapevine leaves were sampled, immediately frozen in liquid nitrogen, and stored at −80°C for further study.
RNA Extraction and Purification
Total RNA was isolated from grapevine leaves using an improved SDS/phenol method (Zhang et al. 2003) . Residual DNA was removed by DNase I (Promega, Madison, WI, USA). Concentration of total RNA was measured with an ultraviolet spectrophotometer (V-550, JASCO, Japan) at 260 nm. RNA purity was checked by determining the A 260 /A 280 ratio, and RNA integrity was examined by 1% agarose gel electrophoresis. 5′RACE and 3′RACE Clone the Full-length VpRBR cDNA In order to obtain the full-length cDNA of VpRBR, a rapid amplification of 5′ end cDNA (5′RACE) and 3′end (3′RACE) PCR amplifications were carried out on genomic DNA isolated from V. pseudoreticulata. The gene-specific primers, GSP 1 (5′-ACG TAT AAT TAC GAA GGA CAC CAC C-3′) for 5′RACE and GSP 2 (5′-TCC AGG ACG CGA AGG GGA AAC ATG T-3′) for 3′RACE, were designed based on the partial VpRBR sequence obtained previously (Wang et al. 2011) . The length between the two specific primers was 243 bp. Total RNA of "Baihe-35-1" leaves inoculated with E. necator after 120 h was isolated as described above, and RACE was performed using a BD SMART TM RACE cDNA Amplification Kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. The 5′ and 3′ RACE products were separated on 1.2% agarose gels and purified by an agarose gel DNA fragment recovery kit (Hufeng, Shanghai, China). The fragments were cloned into the pGEM-T easy vector (Promega), and sequenced by Sango Biotech (Shanghai, China).
Sequence Analysis
Similarity analysis of nucleotide and protein sequences was carried out using the BLAST tool at NCBI (http://www. ncbi.nlm.nih.gov/blast). The deduced amino acid sequence was analyzed with the Predict Protein Analysis System (http://www.predictprotein.org/). Multiple sequence alignments were performed with DNAMAN software (Version 5.2.2.0, Lynnon Biosoft, USA).
Semi-quantitative RT-PCR Reaction
Tissues of stem, tendril, flowers (5 d after flowering ), leaves, and grape skin (50 d after flowering) were collected from V. pseudoreticulata clone "Baihe-35-1" and monitored for tissue-specific expression using a semi-quantitative RT-PCR technique (described below). A pair of gene-specific primers (VpRBR-F 5′-CCA GGA CGT GAA GGG GAA AC-3′, VpRBR-R 5′-GCA AGC CCA TAG AAA CAA CAG AG-3′) were designed using Primer Premier 5.0 (PRE-MIER Biosoft International, Silicon Valley, USA) following the recommended guidelines for qRT-PCR primer design, and primers specific for the grapevine Actin1 gene (GenBank accession no. AY680701) were used as the internal control. The primers for Actin1 gene were 5′-GAT TCT GGT GAT GGT GTG AGT-3′ and 5′-GAC AAT TTC CCG TTC AGC AGT-3′. First-strand cDNA was synthesized using One Step PrimeScript ® miRNA cDNA Synthesis Kit (TaKaRa Biotechnology, Dalian, China). Semi-quantitative RT-PCR was performed at 94°C for 3 min, followed by 30 cycles at 94°C for 30 s, 60°C for 30 s and 72°C for 30 s, and a final extension at 72°C for 5 min. The RT-PCR products from each tissue were subject to electrophoresis on 1.5% agarose gels. The experiments were repeated three times with similar results; a representative result is presented.
Quantitative Real-Time Reaction
The target gene products were amplified with primers VpRBR-F (forward) and VpRBR-R (reverse). Relative levels of gene expression were analyzed with the iCycler iQ5™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) and normalized with the results for Actin1. Each 25 μl PCR reaction contained 12.5 μl of SYBR ® Premix Ex Taq TM II (2×), 1 μl of PCR Forward Primer (10 μM), 1 μl of PCR Reverse Primer(10 μM), 2 μl of 10×diluted cDNA, and 8.5 μl of ddH 2 O. Reactions were performed by an initial incubation at 50°C for 2 min and at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s. Output data generated by the instrument on-board software iQ5 (Bio-Rad) were transferred to Sigmaplot software (v.10.0, Systat Inc., CA, USA) for analysis. Real-time quantitative RT-PCR was performed in three replicates for each sample.
Results
Isolation and Sequence Analysis of VpRBR Gene
The 3′ RACE and 5′RACE products were 1,133 bp and 2,169 bp, respectively. By comparing and aligning the sequences of 5′ RACE and 3′ RACE, the sequence of full-length cDNA was deduced. It contained 3,030 bp with a 3,024-bp open reading frame encoding 1,007 amino acids (calculated molecular mass of 117.3 kDa). A retinoblastoma-associated protein domain A from amino acid residues 416 to 579, and domain B from residues 726 to 855 were present in the deduced amino acid sequence of the VpRBR gene ( Fig. 1) .
A search of the NCBI databases with BLAST showed that the deduced amino acid sequence of VpRBR shares 99-70% identity with the predicted protein from V. vinifera (99%, accession no. XP_002280874.1), Ricinus communis (79%, accession no. B9SVG9.1), Populus trichocarpa (76%, accession no. XP_002297730.1), Cocos nucifera (70%, CnRBR, accession no. Q8H252.1) (Fig. 1 ).
Expression Analysis of VpRBR in Grape Organs
To analyze the expression of VpRBR in different grapevine organs, the leaves, stem, tendrils, flower, and grape skin of V. pseudoreticulat clones "Baihe-35-1" were examined by semi-quantitative PCR. The Actin1 gene was selected as a constitutive control to normalize the samples for differences in the amount of RNA. The result suggested that VpRBR was expressed in all the tissues examined from "Baihe-35-1" (Fig. 2 ).
Induced Expression of the RBR Gene in PM-Resistant and -Susceptible Grapevines
To investigate whether the PM-induced expression pattern varied in different grapevine genotypes, the expression of RBR in PM-resistant clones "Baihe-35-1" and "Baihe-13-1", and PM-susceptible clone "Hunan-1" was analyzed in leaves using a qRT-PCR method (Fig. 3) . In PM-resistant clones "Baihe-35-1" and "Baihe-13-1", similar trends of the VpRBR transcripts at the early times after inoculation with E. necator were observed. Although there was some fluctuation in transcript levels in "Baihe-13-1", both resistant clones remained at higher levels than the controls (0 h) throughout the duration of the experiment. In addition, the magnitude of the increase of VpRBR in "Baihe-13-1" was considerably higher than in "Baihe-35-1". In contrast, the transcripts of RBR in the PM-susceptible clone "Hunan-1" were not observed to change appreciably over the time course of the experiment. It should be noted that the transcription levels from both resistant clones reached a maximum at 8 hpi, i.e., over 10-fold for "Baihe-13-1" and approximately two-fold for "Baihe-35-1".
Induction of the VpRBR in Grape Leaves by MeJA, SA, and Eth
To test the effect of MeJA , SA, and Eth on the expression of VpRBR, leaves of "Baihe-35-1", "Baihe-13-1", and "Hunan-1" were sprayed with 0.5 g/L, 100 μM, and 50 μM, respectively. The results showed that the VpRBR transcripts were expressed at different levels after exogenous application of MeJA, SA, and Eth (Fig. 4) .
In general, the PM-resistant clones, "Baihe-35-1" and "Baihe-13-1", showed higher expression of VpRBR than the PM-susceptible clone "Hunan-1"after exogenous application of MeJA, SA, and Eth (Fig. 4) .
In general, expression of VpRBR in "Baihe-35-1" and "Baihe-13-1" was greatly enhanced after SA treatments. Levels reached a maximum at 8 h, over 10-fold for both clones, decreased, and then remained at higher levels than controls (0 h). For "Hunan-1", VpRBR expression in response to SA peaked (over 2-fold) at 12 hpi, but transcript levels were lower than in the PM-resistant clones. JA induced VpRBR in both "Baihe-35-1" and "Baihe-13-1".Transcript levels began to increase at 0.5 h, reaching a maximum at 6 h ("Baihe-35-1") and 12 h ("Baihe-13-1"). In "Hunan-1", VpRBR expression was weakly induced by exogenous JA and decreased at 6 h, followed by an increase that was significantly lower than what was observed in the PMresistant clones. Expression of VpRBR in "Baihe-13-1"was sharply increased under Eth treatment, reached its highest level at 1 h, decreased from 1 h to 3 h, and ended at slightly higher than basal expression levels. A dramatic increase of VpRBR in "Baihe-35-1" was observed from the time of application of exogenous Eth. It reached its highest level at 6 h, and then decreased slightly, finally reaching a slightly higher level than "Baihe-13-1" and "Hunan-1". The expression of VpRBR in "Hunan-1" was for the most part lower than that of both PM-resistant clones (Fig. 4) cell cycle, thus preventing inappropriate cell proliferation (Sabelli and Larkins 2009) . Previous studies suggested that pRBR possesses a small and a large pocket region, which is necessary for interaction with proteins containing a conserved L-x-C-x-E motif. Moreover, the larger region of RBR can bind to E2F transcription factors, and is involved in the downstream gene expression and regulation of the E2F and DP family of transcription factors (Morris and Dyson 2001) . It has also been shown that pRBR could regulate a series of cellular processes involved in RNA production, tissue development, and RNA processing (Sabelli and Larkins 2009) . A recent study indicated that the RBR gene, both in animals and plants, plays a central role in regulating, integrating, and connecting pathways that impinge on cell differentiation, development, cell death, and epigenetic mechanisms (Sabelli and Larkins 2009) . Our sequence analyses indicated that the VpRBR from Chinese wild V. pseudoreticulat clone "Baihe-35-1" shares a high level of sequence homology with other plant RBR genes, and the highest homology 3 Expression profiles of VpRBR in three grapevine genotypes induced after E.necator by qRT-PCR. Each experiment was repeated three times, and the standard error bars are indicated. Total RNA was extracted from leaves of Vitis pesudoreticulata clone "Baihe-35-1", "Baihe-13-1", and "Hunan-1", and analyzed at 0, 4, 8, 12, 24, 48, 72 and 120 h after E. necator inoculation Fig. 4 qRT-PCR expression profiles of VpRBR in three grapevine genotypes induced by SA, MeJA, and Eth treatments. a SA treatment. b MeJA treatment. c Eth treatment. Each experiment was repeated three times, and the standard error bars are indicated. Total RNA from leaves of Vitis pesudoreticulata clone "Baihe-35-1", "Baihe-13-1", and "Hunan-1" was analyzed 0, 0.5, 1, 3, 6, 12, 24 and 48 h after the treatments with MeJA, SA and Eth (99%) has been associated with two conserved domains of the known sequences. Semi-quantitative RT-PCR analysis showed that VpRBR was expressed constitutively in different organs in "Baihe-35-1", a result similar to those reported in maize (Ach et al. 1997 ) and tobacco (Nakagami et al. 1999) . Evidence also indicates that RBR plays an important role in organ development in monocot species (Lendvai et al. 1997) . Based on these observations, together with our results, VpRBR may play different roles in different organs. It is worth noting that the VpRBR expressed in all the tissues examined from "Baihe-35-1", which is different from maize where it had a highest expressed level occurred in the shoot apex (Ach et al. 1997) . Further comparative studies are required to elucidate this difference in expression by location and tissue type.
Plants have evolved a wide range of defense mechanisms to cope with biotic and abiotic stresses (Qu et al. 2011; Yang et al. 2010) . These defense mechanisms depend on numerous proteins, including many involved in regulating cellular response to stress and signaling crosstalk. Many of these proteins represent enzymes participating in the production of phytohormones (e.g., MeJA, SA, Eth), oxygen species, pathogenesis-related (PR) proteins (Huang et al. 2010) , and transcription factors. The pathogen defense mechanism in plants has been reported to be associated with early and strong gene expression (Heitefuss 2001) . We examined the expression pattern of RBR in "Baihe-35-1", "Baihe-13-1" and "Hunan-1" in response to E. necator and showed that VpRBR displayed higher levels, earlier and stronger expression in the PM-resistant clones "Baihe-35-1" and "Bai-13-1" than in the PM-susceptible clone "Hunan-1"under E. necator infection. Retinoblastoma-related proteins are negative cell regulators in animals and plants (Gutierrez 2005) ; however, recent studies on a maize member of the RB gene family, RBR3, show that it has an essential and positive role in the cell cycle. Considering the different and opposing roles of RBR genes (Sabelli and Larkins 2009), we hypothesize the following function for VpRBR in grapevine: E. necator invades grapevine leaf cells followed by induction of the plant defense response that often includes a type of cell death known as the hypersensitive response (Moffett et al. 2002) . As a result, upregulation of VpRBR in Chinese wild V. pseudoreticulata clones "Baihe-35-1" and "Baihe-13-1" shortens the G1-to-S phase transition that accelerates cell division leading to resistance to E. necator. A similar find was reported for the Arabidopsis RBR gene suggesting that it functions early in abiotic and biotic stress responses to adjust cell division to prevailing stress conditions (Borghi et al. 2010) . The transcript levels of VpRBR were highest in both PM-resistant clones, although the highly resistant "Baihe-35-1" was significantly lower than "Baihe-13-1". Because the highest levels were seen 8 h after inoculation, we infer that 8 h is an important time for grapevine development of resistance to E. necator. In "Hunan-1", only a slight increase or decrease in VpRBR transcript levels could be detected during E. necator infection. Therefore, the difference between resistance and susceptibility to PM apparently does not rely on the presence or absence of VpRBR, but rather on the extent of expression during exposure to the pathogen. Taken together, we propose that high levels of VpRBR correlate in a complex manner with the resistance response to E. necator in Chinese wild grape.
SA, MeJA, and Eth are involved in activation of signaling pathways in plant defense responses. Application of SA, MeJA, and Eth can coordinately activate transcripts of different defense-related proteins (Lu et al. 2006) . SA is the signal molecule for the development of plant systemic resistance and plays an important role in disease resistance. In the present study, exogenous applications of SA led to greatly enhanced transcripts of RBR in both PM-resistant grapevine clones and in the PM-susceptible "Hunan-1". High SA levels are correlated with constitutively elevated expression of genes involved in defense responses (Fung et al. 2008) . Furthermore, treatment of grapevines with benzothiadiazole, a SA analog, enhanced resistance to Botrytis cinerea (Iriti et al. 2004 ). We, therefore, infer that application of SA enhanced the resistance to PM in "Baihe-35-1" and "Baihe-13-1", and that VpRBR participates in the SA signaling-induced defense response in plants.
JA-Eth pathway controls the expression of a different set of defense markers in Arabidopsis (Thomma et al. 1998 ). Cooperation of JA and Eth synergistically induces defense gene responses to different pathogens (Pieterse et al. 1998) . Grapevine leaves treated with MeJA and Eth, enhanced resistance to PM and increased the expression of PR proteins (Belhadj et al. 2006) . The application of exogenous MeJA to Arabidopsis plants reduced disease development from several fungi (Thomma et al. 1999) . Similarly, Eth is known to enhance the resistance of plants to several fungi (Thomma et al. 1999 ). The expression of VpRBR was rapidly induced by MeJA and Eth treatment in "Baihe-35-1" and "Baihe-13-1", although the fold-difference was less than that observed with SA treatment. The response of the resistant grapevine clones was transient with all three signaling molecules. In contrast, the levels of VpRBR in response to applications of MeJA and SA were essentially constant and at lower levels in "Hunan-1". We, therefore, hypothesize that expression of VpRBR plays a positive role in PM resistance in grapevine. More importantly, the higher level of VpRBR expression was observed 6 and 12 h after treatment with SA, MeJA and Eth in"Baihe-35-1" and "Baihe-13-1" which suggests that these time periods are important for the VpRBR response to signaling-induced defense processes in plants.
Conclusion
In summary, we have demonstrated that VpRBR is induced by E. necator and exogenous signaling molecules in PMresistant grapevine leaves and likely plays a positive role in grape powdery mildew resistance. Further investigations of VpRBR may aid us in understanding the mechanism(s) of PM resistance in grapevine.
